I. INTRODUCTION
Over the past two decades, the quantification and understanding of land-surface fluxes from vegetated surfaces such as forests and crops has been the focus of great research efforts. These studies have been motivated by the important exchanges of latent heat, water vapor, and carbon dioxide that take place at the canopy-atmosphere interface. These fluxes between the terrestrial vegetation and the atmosphere impact micro and mesoscale meteorology, regional and global climate change, carbon balance and cycling, as well as hydrology. 1, 2 Fluxes of trace gases and aerosols at the canopyatmosphere interface also determine the important role of vegetated surfaces on the removal of air pollutants (e.g., tropospheric ozone, 3, 4 heavy metals, 5 and aerosols 6 ). Transport of biogenic particles emitted from forests and crops such as pollens, 7 seeds, 8 and spores 9 also play an important role in ecological and agricultural processes. In aquatic systems, turbulent transport at the top of submerged a) Author to whom correspondence should be addressed. Electronic mail: yyp5033@psu.edu vegetation may influence the availability of nutrients within the canopy as well as the release of seeds from the vegetation. In addition, the penetration of turbulence through the canopy to the bed determines the likelihood of sediment resuspension, an important feedback to vegetation health. 10, 11 Specifically, resuspension negatively impacts light availability for photosynthesis and associated erosion may destabilize shoots. Dense canopies that reduce near-bed turbulence can enhance the supply of nutrients to the plants by promoting the retention of nutrient-rich fine sediment and organic matter. 12 From a fluid dynamical perspective, all these exchanges are driven by the complex turbulent flow field produced by the mechanical interactions between the flow and canopy elements. Thus, understanding these interactions and the properties of the turbulent flow produced at this interface is of great importance in all these fields.
When flow passes through vegetation canopies, surface forces acting on the interfaces between flow and canopy elements remove momentum and dissipate the kinetic energy of the flow. The bulk effect of these exchanges is a drag force acting on the mean flow within the canopy layer. For canopies of sufficient density, the discontinuity of drag at the top of the canopy leads to an inflectional mean velocity profile with the inflection point located near the canopy top. This velocity profile has a similar shape to that in a free shear layer, that is, a mixing layer formed between two uniform, parallel streams of different velocities. 13 The inflectional mean velocity profile triggers instabilities and coherent eddies within the canopy shear layer similar to the Kelvin-Helmholtz (KH) instabilities and coherent eddies observed in a free shear layer. 13 These canopyscale coherent structures (denoted as "KH coherent structures" hereafter) dominate the transport of momentum from above the canopy to the canopy layer. For example, observations of aquatic 14 and terrestrial canopies 15 demonstrated that 80%-90% of the time-mean downward momentum transport (u w < 0) occurred within short, intense events that occupied only 25%-35% of total time. The dominating events occurred at time-intervals consistent with the passage of the KH vortices. Here, the overbar denotes the time-average, and the primes denote instantaneous deviations, defined as u (t) = u(t) − u and w (t) = w(t) − w, for streamwise (u) and vertical (w) velocities, respectively. Scalar flux at the canopy-free flow interface has also been linked to the passage of KH vortices in both aquatic 16 and terrestrial canopies. 17 Because of the importance of these coherent structures to the exchange of momentum and scalars, it is vital that their intensity and depth of penetration into the canopy be properly modeled.
Typically, a strong sweep (u > 0, w < 0) is observed as the leading edge of these coherent structures pass, and a weaker ejection (u < 0, w > 0) occurs as the trailing edge passes. 18 Physically, sweeps represent the vertical transport of fluid parcels with high momentum downward towards a boundary near which there is a region of lower average momentum, while ejections represent the vertical transport of fluid parcels with low momentum upward into a region of higher average momentum. Both sweeps and ejections result in a net downward flux of momentum (u w < 0). Many studies within a variety of real and model canopies have observed non-zero velocity skewness, specifically Sk u > 0 and Sk w < 0, indicating the prevalence of events with strong positive streamwise velocity (u > 0) and strong negative vertical velocity (w < 0), i.e., sweeps. This implication is consistent with the idea that flux into the canopy is dominated by the canopy-scale coherent structures described above. Here, the values of velocity skewness are calculated as Sk u = u 3 /σ 3 u and Sk w = w 3 /σ 3 w , where σ u = u 2 and σ w = w 2 are the standard deviation of streamwise and vertical velocities, respectively. Reproducing velocity skewness (Sk u and Sk w ) as well as the momentum flux transported by sweeps and ejections is therefore the basic requirement for proper modeling of canopy-scale coherent structures. However, existing third-order closure models 19 and large-eddy simulation (LES) models [20] [21] [22] [23] [24] [25] have underestimated velocity skewness (Sk u and Sk w ) as well as the ratio between momentum flux transported by sweeps and ejections by more than 50%. Recent work has shown that including a model that represents the effects of plant reconfiguration (the bending of plant stems, branches, leaves, etc.) on the flow field greatly reduces these underpredictions. 26 Both terrestrial and aquatic plants take advantage of elastic reconfiguration to reduce drag forces and avoid uprooting or breaking under high winds and currents. 27 The impact of reconfiguration on the drag force has been described by a modification to the quadratic drag law, which can be modeled by introducing the Vogel number B. Specifically, the drag force F D ∝U 2 + B , with U a characteristic velocity scale acting on the plant element. 27, 28 It is sometimes convenient in modeling to transfer the velocity dependence to the drag coefficient, i.e., we write F D ∝C D U 2 , with C D ∝U B . In the asymptotic regime of negligible reconfiguration, B → 0, and the quadratic increase of drag with velocity is recovered. In the asymptotic regime of strong reconfiguration, dimensional analysis balancing drag force and the plant's internal resistance to bending suggests specific values of B. 29, 30 For linear elastic bending, B = −2/3, if reconfiguration is associated with the loss of one characteristic length, such as the bending of a beam or a rectangular plate along a single axis, and B = −4/3, if reconfiguration leads to the loss of two characteristic lengths, such as the crumpling of a paper or the rolling of a disk into a cone. For some aquatic plants, the primary restoring force is buoyancy, rather than rigidity. If buoyancy alone is considered as the restoring force B = −4/3; and the inclusion of buoyancy in addition to rigidity as restoring forces delays the asymptotic regime of strong reconfiguration to higher values of fluid velocity. 31 These theoretical models predict drag forces in good agreement with laboratory measurements of fibers in soap films, 32 rectangular plates in a wind tunnel, 33 and model seagrass blades in water. 31 The range −2/3 B 0 is also in rough agreement with many measured values for natural canopies in which one-dimensional (1D) bending is observed. 28, 30, 34 35 For wind speeds up to 1 m s −1 , little bending occurred, and the drag force was approximately quadratic (B ≈ 0), as expected for an unyielding object. However, for wind speeds above 1.5 m s −1 , significant bending occurred, and the observed B = −0.7 was consistent with the scaling for a reconfigured beam (B = −2/3).
Although most previous studies have focused on time-averaged flow conditions and the associated mean reconfiguration, 30, 34 some studies report instantaneous relationships between velocity and reconfiguration. 35, 36 Indeed, the phenomena of honami and monami (progressive waves of canopy bending) are examples of plants bending in response to the passage of individual canopy-scale coherent eddies. 37, 38 We hypothesize that the reconfiguration of plants at time-scales comparable to individual KH eddies can preferentially enhance the penetration of strong events into a vegetation canopy because the plants yield more to strong events. Specifically, we propose that the drag coefficient responds to the instantaneous velocity, u = (u, v, w) (a vector consisting of streamwise, spanwise, and vertical components), such that the characteristic velocity U = |u| and C D ∝U B will be smaller for stronger events (higher |u|). Note |u| is statistically positively correlated with its streamwise component, u, so that in general stronger events have higher u. The canopy-drag length-scale, L c ∝(C D a) −1 , describes the penetration of turbulent momentum flux into the canopy, 39, 40 where a is the frontal canopy area per volume. If stronger events (higher u) experience a smaller C D ∝U B , then they can penetrate a greater distance into the canopy before being arrested by drag, compared to weaker events (smaller u). This impact of plant flexibility should be evident in the skewness of the streamwise and vertical velocities (Sk u and Sk w , respectively), which are statistical measures of bias toward larger events.
In this paper, we consider two case studies that examine the connection between reconfiguration and turbulence structure within a canopy, focusing on skewness as an indicator for bias toward large events. First, we consider a flume experiment with a model seagrass meadow. As flow speed over the meadow increases, both the mean and unsteady reconfiguration increase. We consider how these changes in reconfiguration are connected with both the magnitude and vertical position of the peak skewness, using expected changes in C D ∝U B based on a force balance for individual model blades. 31 Second, we investigate the effects of different modes and degrees of reconfiguration on turbulence statistics using a LES for a maize canopy, in which reconfiguration is parameterized using a range of Vogel numbers. With mean vertical momentum flux constrained by field experimental data, increasingly negative B shifts the magnitude and vertical position of peak skewness, alters the stress fractions carried by strong events, and changes the distribution of stress fractions carried by sweeps (u > 0, w < 0) and ejections (u < 0, w > 0). These case studies suggest that the proper modeling of turbulence in plant canopies requires that instantaneous reconfiguration be incorporated into models through the use of a velocity-dependent drag coefficient.
II. RECONFIGURATION AND SKEWNESS IN A MODEL SEAGRASS
In this section, we consider a model seagrass meadow that is dynamically and geometrically similar to Zostera marina. 14 The measurements are interpreted through the lens of a recent theoretical model that predicts the impact of mean reconfiguration on the drag experienced by individual seagrass blades. 31 We propose that the mean reconfiguration model can be used to infer the impact of instantaneous reconfiguration associated with the arrival of individual turbulent events. It is important to note that, for aquatic plants, buoyancy, in addition to rigidity and drag, can influence plant posture in flow, because the material density of many aquatic plants is below that of water (e.g., seagrass blade density is 700 kg m −3 ), 41 compared to typical coastal water densities of 1015 kg m −3 (Atlas of the Oceans, NOAA). In addition, aquatic plants often have small gas filled chambers, used to enhance buoyancy and maintain upright postures. 42, 43 Luhar and Nepf extended previous work on reconfiguration by considering buoyancy, drag, and rigidity together. 31 They quantified the steady reconfiguration under steady (time-average) velocity u, using an effective blade length, l e , which represents the length of a rigid, vertical blade that generates the same horizontal drag (F D ) as a flexible blade of total length l. For blade width, b, and fluid density, ρ, the effective blade length (l e ) is given by the following definition:
In Eq. (1), the drag coefficient is assumed to be a constant, which is denoted by the superscript "o." Also note that, for generality, we use the characteristic velocity scale U, which in this section refers to the time-averaged velocity u. Luhar and Nepf 31 used a numerical model to predict the total drag on a single blade (F D ), and from this they extract the ratio l e /l as a function of the mean velocity u. As velocity increased, the blade bent over further in the streamwise direction, which decreased the frontal area and also created a more streamlined shape. Both effects are reflected in the decreasing value of l e /l. Many previous studies characterized reconfiguration of aquatic vegetation through changes in the drag coefficient, 44 for which the total drag is, F D = (1/2)ρC D blU 2 , with C D a function of U. Equating this drag expression to Eq.
(1), one can show that l e /l = C D /C o D ∝ U B , and we see that the dependence of l e /l on U can be expressed through the Vogel exponent B.
Blade posture in flow is governed by two parameters. The Cauchy number, Ca, describes the ratio of the drag force to the restoring force due to rigidity. The dimensionless buoyancy, R B , describes the ratio of restoring forces due to buoyancy and rigidity
Here, ρ is the difference in density between the fluid and the blade, g is the gravitational acceleration, E is the elastic modulus, and I = bt 3 /12 is the second moment of area, with t the blade thickness. Because these two parameters control the blade posture in flow (i.e., the degree of bending), they also predict the dependence l e /l = C D /C o D , as described by Luhar and Nepf. 31 For example, Fig. 1(a) depicts the dependence of C D /C o D for R B = 0 (no buoyancy) and R B = 6.4 (the dimensionless buoyancy of the model seagrass). For the lowest values of Ca, the blade remains essentially upright (negligible reconfiguration). Consistent with this posture, the drag is quadratic with U, i.e., C D /C o D ≈ 1 and B ≈ 0, similar to the response of the giant reed at low wind speed. 35 The main impact of buoyancy is to delay the onset of blade reconfiguration, i.e., buoyant blades remain upright at higher velocities, which extends the range of Ca for which B ≈ 0. For Ca > 100, strong reconfiguration occurs ( Fig. 1(c) ), and the effective length-scale over which drag occurs (l e ) is comparable to the lengthscale over which bending occurs (l b ). For this degree of reconfiguration, specifically l b = l e , the balance of drag to the restoring force due to rigidity produces the scaling l e /l = Ca −1/3 , B = −2/3, as previously derived by Alben et al. 29 The drag coefficient ratio (C D /C o D ) displays this dependency in Fig. 1(a) for Ca > 100. In the regime of strong reconfiguration (Ca > 100), buoyancy plays a 31 ). Finally, for weak reconfiguration, associated with intermediate values of Ca (≈10-50), the blade is only slightly bent. In this posture ( Fig. 1(b) ), the effective length-scale for drag (l e ) is greater than the length-scale over which bending occurs (l b ) so that a balance of drag to rigidity yields the scaling l e /l = C D /C o D = Ca −1/3 (l e /l b ) 2 , with l e /l b > 1. In this regime, as the velocity increases the blade progressively bends further, so that l e /l b decreases with increasing Ca, until l e /l b → 1, at which point the regime of strong reconfiguration is reached. Within the weak reconfiguration regime, (l e /l b ) 2 ∼ Ca m , and thus l e /l = Ca −(1/3 + m) , B = −(2/3 + 2m), so that B is most negative in the weak reconfiguration regime. In other words, for a blade geometry (i.e., bending in one dimension) the deviation from the quadratic drag response is greatest in the regime of weak reconfiguration. For example, in Fig. 1(a) the maximum slope occurs at Ca =
Similarly, a maximum in −B was also observed at the transition between negligible and strong reconfiguration of deforming plates and disks. 33 Finally, although the curves in Fig. 1 (a) strictly describe steady reconfiguration under time-mean flow, we propose that the curves can be used to interpret the impact of reconfiguration on the drag experienced by individual sweeps penetrating the canopy. We anticipate that the highest skewness values will be observed in the weak reconfiguration regime, for which B is the most negative, creating the greatest bias for strong events. This could have important implications for suspended sediment within the canopy, because the penetration of individual strong events may resuspend more material than more persistent but weaker turbulence.
A. Experimental design
The effect of reconfiguration was evaluated by comparing the behavior of a single meadow of flexible blades at six flow rates (runs F1-F6 in Ghisalberti and Nepf 14 ) , which resulted in different levels of both mean and unsteady reconfiguration. Each model plant was constructed of a wooden dowel stem (1.5 cm high) and six blades (l = 20.3 cm, b = 3.8 mm, t = 0.20 mm) cut from low-density polyethylene (LDPE) film (E = 3.0 × 10 8 Pa, EI = 7.5 −7 N m 2 , and density ρ s = 920 kg m −3 ). The model plants were designed to be dynamically and geometrically similar to eelgrass (Zostera marina), as described by Ghisalberti and Nepf. 38 The meadow was 6.5 m long and had a stem density of 230 plants m −2 . When undeflected, the meadow height was h = 21.5 cm (blade plus stem), and the frontal area per volume was a = 5.2 m −1 , assuming all blades were seen by the flow, so that the roughness density was ah = 1.1. This corresponds to a dense canopy (ah > 0.1) for which turbulent sweeps are not expected to penetrate through the entire height of the canopy. 10, 45 For comparison, we also considered a completely rigid model canopy with comparable roughness density, h = 13.8 cm, a = 8 m −1 , and ah = 1.1 (run R8 in Ghisalberti and Nepf 14 ) .
Acoustic Doppler velocimetry (ADV) was used to measure the three velocity components (u, v, w) at four positions separated by 7.5 cm. At each point, vertical profiles were collected at 1-cm intervals over depth, using a record length of 10 min. A 12-cm space (1.8 S, where S is the average distance between stems) was made in the meadow to allow probe access without interference from blades. Ikeda and Kanazawa showed that the removal of canopy elements over a length less than 7 S has little impact on flow statistics. 46 Given that our gap is smaller, we also expect the gap to have negligible impact on the velocity measurement (as discussed in detail by Ghisalberti and Nepf 14 ). The Reynolds stress is defined as u w . The maximum penetration of turbulence into the canopy was defined by the position at which the Reynolds stress dropped to 10% of the peak value observed at the top of the canopy. The distance to this point from the top of the canopy is called the penetration scale, δ e . A video camera was used to determine the deflected meadow height h and monami amplitude A w , defined by the vertical excursion of blades during a monami cycle (Table 1 in Ghisalberti and Nepf 14 ). Using the standard deviation of the velocity record, σ u , the skewness of u was defined as Sk u = u 3 /σ 3 u , and similarly for Sk w . The turbulence statistics were first calculated for individual profiles and then averaged over four profiles at different locations within the meadow, using linear interpolation to match the vertical positions. The Cauchy number was estimated in two ways, to reflect both the impact of the surrounding canopy and the unsteady variation in the deflection of individual blades. A predictive equation for the time-averaged deflected height of a meadow (h), as a function of Ca and R B (Eq. (4) in Luhar and Nepf 47 ), was used to infer the value of Ca, based on the observed value of h, which we call Ca h . For some flow conditions, the passage of shear-layer vortices generated an additional, time-varying deflection, called monami. Using the monami amplitude ( A w ), a second estimation, Ca A w , was found using the canopy height at the point of maximum deflection (h − A w ) in Eq. (4) of Luhar and Nepf. 47 The second estimate captures the conditions associated with the strongest sweep events. Finally, to provide a direct comparison between skewness and Vogel number B, the value of B = B(Ca) was extracted from the curve shown in Fig. 1(a 
B. Experimental results
To begin, we consider how the mean reconfiguration of the meadow impacts vertical profiles of mean velocity, Reynolds stress, and skewness (Fig. 2) . We compare a case with negligible reconfiguration (F2; h = 21.3 cm, A w = 0) to a case with weak reconfiguration (F5; h = 17 cm, A w = 4.1 cm). For each profile, a horizontal line indicates the mean deflected height, h. Once reconfiguration was initiated, h progressively declined as the mean velocity at the top of the meadow (u h ), and thus Ca, increased (Table I) . The peak Reynolds stress coincided roughly with h, and thus descended toward the bed as the meadow was deflected (Fig. 2(b) ). Note that Reynolds stress was linear above the meadow, consistent with open channel flow. The length-scale over which Reynolds stress penetrated into the meadow (δ e ) also increased with Ca, from 9.8 cm (F1) to 12.8 cm (F6, Table I ), suggesting that with increasing mean reconfiguration the meadow also became more porous to the sweep events that carry most of the turbulent flux. The penetration of sweep events was also reflected in the monami amplitude ( A w ), which also increased with increasing Ca (Table I) Table I ).
The increasing preference for large sweep events with increasing Ca is evident in the skewness profiles. For both cases shown (F2 and F5, Fig. 2) , the skewness of u (Sk u ) was elevated in the upper canopy, but returned to zero in the lower canopy, suggesting that sweep events did not penetrate to the bed for either flow condition, and this is consistent with the penetration length-scale (Table I) and other observations in dense canopies (e.g., Chen et al. 48 ). The peak Sk u moved closer to the bed with increasing Ca (see z(Sk u, max ) in Table I) , due both to the deflection of the meadow (h) and the increase in penetration length (δ e ), i.e., similar to the Reynolds stress. Specifically, the peak Sk u occurred at z = 14 cm (F2) and z = 7 cm (F5), with the distance from the meadow interface (h) increasing from 7.3 cm (F2) to 10 cm (F5). Similar trends were seen in Sk w ; however, the vertical skewness did not always return to zero near the bed. A similar tendency has been observed in terrestrial canopies. 18 The greater penetration of Sk w relative to Sk u may reflect a preferential damping of the longitudinal velocity component relative to the vertical component, which may be due to asymmetries in the plant elements that produce asymmetries in the drag. Finally, we consider how observed changes in peak skewness relate to the expected impact of reconfiguration on drag coefficient (Fig. 1 ). We anticipate that as the Vogel number (B) becomes increasingly negative, the difference between the drag coefficient acting on weak and strong events will become greater, C D ∝u B , with the result that stronger sweep events are increasingly favored, producing larger values of skewness. The Vogel number (plotted as −B in Fig. 3 ) was derived from the slope of the function C D /C o D versus Ca, shown in Fig. 1(a) . A peak value of −B = 1.1 is observed at Ca = 21. As discussed with Fig. 1 , this corresponds to the weak reconfiguration regime. For higher values of Ca (beyond that shown in Fig. 3) , B asymptotes to the prediction for strong reconfiguration, −B = 2/3. The observed peak values of Sk u are also shown in Fig. 3 . Circles indicate Ca h and horizontal dashed lines extend to Ca A w , as defined in Table I . The maximum skewness has a peak value at Ca h = 17 (F5 in Table I ), which is close to Ca = 21, the position at which B is the most negative. Note that the curve for −B and the skewness points shown together in Fig. 3 are not directly related. In other words, we do not imply the line for −B fits the points; we plot them together to visually reveal how the peak in Sk u, max and −B occur at similar values of Ca and within the regime of weak reconfiguration. We also note that for Ca h = 1 (F1), the flexible canopy produces a skewness maximum (Sk u, max ) that is the same as that observed in the rigid canopy (R8) within uncertainty, i.e., at Ca = 1 the flexible canopy interacts with the flow in analogy to a fully rigid canopy. Finally, it is interesting to note that field conditions for seagrass range from Ca = 0 (slack tide) to 2000 (based on values given in Table II and Fig. 7 of Luhar and Nepf 31 ), so that all three regimes of behavior; rigid (B = 0), weak reconfiguration (B < −1), and strong reconfiguration (B = −2/3); are experienced by real meadows.
III. NUMERICAL SIMULATION OF PLANT RECONFIGURATION
In this section, we use a LES model to investigate the effects of different modes and degrees of plant reconfiguration on the turbulence characteristics inside a terrestrial canopy. The different modes and degrees of reconfiguration are modeled by varying the Vogel number B. We consider four cases: B = 0 (rigid canopy with no reconfiguration), B = −2/3 (strong reconfiguration for 1D linear elastic bending 29 ), B = −1 (weak reconfiguration for 1D elastic bending described in Sec. II), and B = −4/3 (strong reconfiguration for two-dimensional (2D) linear elastic bending 33 ) .
A. Numerical model
The LES model employed here is described in detail by Pan et al. 26 The sink of flow momentum per unit volume induced by forces acting on the surfaces of canopy elements is parameterized as a 
whereũ is the filtered velocity, and a c is the two-sided leaf area density. Note that in Sec. II the frontal area per volume a is equivalent to one-sided leaf area density, and the roughness density ah is equivalent to one-sided leaf area index (LAI). The projection tensor P = P x e x e x + P y e y e y + P z e z e z is used to split a c into streamwise (x), spanwise (y), and vertical (z) directions, where e j is the unit vector in the jth direction. Values of a c and P are provided by Pan et al. 26 Please note the distinction between the volume average ( f D ) and the drag on a single blade (F D ) defined by Eq. (1) . LES studies of forests [20] [21] [22] [23] [24] 49 and crop canopies 25, 50 typically treat C D as a constant, implying | f D | ∝ |ũ| 2 . To reflect the impact of reconfiguration, the general expression C D = (U/A) B was adopted, with |ũ| being the characteristic velocity scale U. Here, A is a velocity scale related to canopy geometry and rigidity, 26 and B is the Vogel number. The dependence of C D on velocity can be estimated by fitting field experimental data to the mean momentum equation following the approach used by Cescatti and Marcolla. 51 Fitting C D to data obtained in a large maize field near Mahomet, IL on July 10, 2011 (h = 2.1 m, LAI = 3.3, and for details of field experiment see Gleicher et al. 52 53 ). Note that a constant drag coefficient assumes no reconfiguration (B = 0). The drag model that mimicked the impact of reconfiguration produced a remarkable improvement in the comparison between LES results and observed values of skewness (reducing the underprediction of Sk u and Sk w from 60% to 5% and 20%, respectively) and the stress fraction carried by strong sweep events (reducing the underprediction from 40% to 5%).
In this work, an upper limit (C D, max = 0.8, as suggested by the same experimental data) is used to cap the drag coefficient, reflecting the asymptotic regime of negligible reconfiguration in the limit of u → 0. LES runs are conducted using the constant drag coefficient model (C D = 0.28, B = 0; case (1)) and the revised reconfiguration drag model (velocity-dependent drag coefficient model),
considering a wide range of reconfiguration behavior, specifically, for cases (2) A = 0.22 m s −1 , B = −2/3, (3) A = 0.38 m s −1 , B = −1, and (4) A = 0.48 m s −1 , B = −4/3. In each of these four cases, the value of B is prescribed, and the values of C D and A are found by fitting the experimental data. Recall that an increasingly negative value of B preferentially enhances the penetration of strong events into the canopy. In the fitting procedure, each value of C D is weighted by the inverse of the velocity squared, so that higher weight is given to events of higher velocity, i.e., the conditions for which reconfiguration has the most impact on drag coefficient. Fig. 4 compares drag coefficient models with experimental data. The velocity-dependent drag coefficient model presents a similar shape to the theoretical model depicted in Fig. 1(a) . Beginning at 0.3-0.6 m s −1 , C D decreases with increasing velocity, and with higher dependence given by more negative values of B. In particular, note that in the high velocity range (|ũ| > 1.5 m s −1 ), C D decreases with increasingly negative value of B, corresponding to an increased tendency for reconfiguration to reduce the drag experienced by stronger events. However, for the low velocity range (|ũ| < 1 m s −1 ), this trend is reversed, with C D larger for more negative values of B.
B. Simulation results
LES results of turbulence statistics are compared with field experimental data computed using a period of 7.5 h (0930-1700 CDT) of steady turbulence obtained on July 10, 2011 near Mahomet, IL (dots indicating the average and error bars indicating the standard deviation for 30-min intervals in Figs. 5 and 6 ). Data obtained by Wilson et al. 53 (crosses in Fig. 5 ) are also shown as a consistency check, because the canopy type and structure are similar in both datasets. In addition to vertical profiles of turbulence statistics, mechanisms of momentum transport inside the canopy are In Fig. 5(a) , predictions of the streamwise component of time-averaged drag, f D,x , is negative for all four cases. The vertical integration of f D,x is held approximately constant (with less than 0.5% difference across all cases), because parameters in the model C D = C D (|ũ|) (i.e., A and B in Eq. (5)) are fitted using the measured profile of mean vertical momentum flux (see Fig. 4 ). Increasingly negative values of B decrease the magnitude of f D,x in the upper 20% of the canopy, where velocity falls in the high velocity range, and increase the magnitude of f D,x in the lower 80% of the canopy, where velocity falls in the low velocity range. In Fig. 5(b) , predictions of normalized, time-mean velocity, u/u h , resulting from drag models with B = 0 (black lines) are distinct from those with B = 0 (grey line), showing better agreement with measurements inside the canopy. Specifically, using a constant C D (assuming B = 0, no reconfiguration) produces an overestimation of the mean velocity inside the canopy by 100%. For second-order moments, increasingly negative values of B only slightly increases the downward momentum flux (|u w |; Fig. 5(c) ) and the standard deviation of u (σ u ; Fig. 5(e) ). In other words, ignoring the effect of reconfiguration by assuming a constant C D leads to only a slightly shallower estimation of the penetration of momentum into the canopy layer, consistent with the findings of Wilson et al. 53 The effects of reconfiguration on the standard deviation of v (σ v ; not shown) and w (σ w ; Fig. 5(f) ) are negligible, implying that reconfiguration affects mostly the energy contained in the streamwise direction rather than spanwise or vertical directions.
The effects of the mode of reconfiguration, characterized by the negative value of B, are most pronounced for the sweep-ejection ratio (S 4, 0 /S 2, 0 ; Fig. 5(d) ) and the skewness of u (Sk u ; Fig. 5(g) ) and w (Sk w ; Fig. 5(h) ), with the magnitude of all three statistics increasing with increasingly negative B. The increasing magnitude of skewness arises directly from the reduction in drag coefficient with increasing velocity, which, as mentioned in Sec. I, allows stronger events to penetrate more easily Here, u is the friction velocity, and h is the canopy height. Simulation results (lines, see Fig. 4 for representations) are evaluated against field experimental data (symbols). Dots with error bars indicate average and standard deviation for 30-min intervals of data obtained during 0900-1730 CDT on 10 July 2011 in a large maize field near Mahomet, IL, 26, 52 and crosses indicate data obtained by Wilson et al. 53 The canopy type and structure are similar in both datasets.
into the canopy. For example, at z/h = 2/3, the stress fraction carried by events eight times stronger than the mean magnitude (H = 8) increases from 27% for B = 0 to 50% for B = −1 ( Fig. 6(a) ). As B becomes more negative, the deeper penetration of stronger events also makes the peak of Sk u move towards the ground ( Fig. 5(g) ). Sweep events are associated with elevated streamwise velocity (u > 0), and thus receive a preference in regimes for which C D decreases with increasing U, becoming stronger when B is more negative. At z/h = 2/3, for example, the stress fractions carried by sweep events increase from 75% (B = 0) to 85% (B = −1) for H = 0 and from 25% (B = 0) to 50% (B = −1) for H = 8 (Fig. 6(c) ). The enhancement in stress fractions increases with the strength of sweep events, showing that events with strong positive u (large u and consequently large U) are preferentially allowed to penetrate the canopy by reconfiguration. On the other hand, ejection events associated with weaker streamwise velocity (u < 0) are preferentially damped in this regime, and thus become weaker when B is more negative. At z/h = 2/3, for example, the stress fractions carried by ejection events decrease from 50% (B = 0) to 35% (B = −1) for H = 0 and from 15% (B = 0) to negligible (B = −1) for H = 4 ( Fig. 6(b) ). The reduction of stress fractions occurs mostly for strong ejection events (H ≥ 4), because ejections originate in the bottom of the canopy where lower velocity is associated with higher C D (i.e., higher damping). The increase in sweeps and decrease in ejections both lead to the increase in the sweep-ejection ratio ( Fig. 5(d) ). The overall best agreement with observations across skewness and quadrant analysis occurs for B = −1 (black dashed lines in Figs. 5(d), 5(g), 5(h), and 6). Note that when B is fitted to data, Pan et al. 26 obtained B = −0.74. However, as seen in Fig. 4 , the points calculated from the data do not constrain the fit very tightly. A new fit, which more heavily weights the large velocity portion of the data (which is more reliably measured in the field), yields B = −0.83. The idea that the reconfiguration of the maize plants falls in the regime of weak reconfiguration for the 1D elastic case (described in Sec. II) seems perfectly reasonable, because the simple bending observed in the field does not display deflection beyond the posture in Fig. 1(b) .
IV. CONCLUSIONS
Results obtained from laboratory and numerical experiments demonstrate that concepts developed for mean reconfiguration can be extended to instantaneous reconfiguration, at least for time-scales over which the plant can respond. This provides a link between plant reconfiguration and turbulence dynamics. Although the laboratory and numerical experiments are quite different (e.g., in LAI, geometry, density, rigidity of the canopy, density of the fluid, and the rate of the flow), they show similar effects of Vogel number B on the velocity skewness. In particular, as the Vogel number becomes more negative, the peak Sk u increases in magnitude. Specifically, LES of a maize canopy gives Sk u, max of 0.8, 1.3, and 1.8 when B is specified to be 0, −2/3, and −1, respectively ( Fig.  5(g) ). Similarly, for the model seagrass meadow, the highest value of peak skewness (Sk u, max = 1.60, F5) occurs at the conditions associated with the most negative value of B (Fig. 3 ). In addition, as peak skewness (Sk u ) increases with more negative B, the peak skewness also penetrates deeper into the canopy (lower values of z(Sk u, max )/h), as inferred from Table I and Fig. 5(d) . Note that reconfiguration is not the only mechanism that affects skewness. For example, in a canopy of steel cylinders (no reconfiguration) the value of Sk u, max increased from negligible to 0.8 when LAI was increased from 0.03 to 0.5. 56 In an orchard forest canopy, the value of Sk u, max decreased from 1 to negligible when the atmospheric temperature stratification condition changed from neutral to free convection. 57 Our results show that, if other conditions remain unchanged, more negative values of B lead to a greater penetration of sweeps (u > 0, w < 0) and larger values of Sk u . In submerged aquatic canopies, the penetration of strong sweeps to the bed could significantly elevate resuspension, so that reconfiguration (changes in B) may impact water clarity and particle retention within the bed. Further, the sweeps originating at the top of the canopy are associated with the KH coherent structures in the canopy-shear layer, so that these results are saying that plant reconfiguration may enhance the influence of these coherent structures on turbulent transport into the canopy. These modifications will certainly influence the turbulent transport of scalars and particles within the canopy, modulating the fluxes across the canopy-atmosphere or canopy-free stream interfaces. The increased dominance of sweeps over ejections in canopies with larger Vogel number is expected to favor transport of air pollutants and aerosols into vegetated regions, likely increasing the efficiency of these canopies in removing these pollutants from the atmosphere. However, further work is necessary to establish and quantify the potential impacts of canopy reconfiguration on fluxes of sensible heat, water vapor, and carbon dioxide.
For one-dimensional linear elastic reconfiguration, we highlight the importance of weak reconfiguration, which is the transition between the asymptotic regimes of negligible reconfiguration (B = 0) and strong reconfiguration (B = −2/3). In the weak reconfiguration regime, the bending length-scale is smaller than the drag length-scale, leading to a stronger dependence between drag coefficient and velocity than that observed during strong reconfiguration. In other words, the Vogel exponent is more negative (B < −2/3) in the weak reconfiguration regime, reaching a peak value of B = −1.1 at Ca = 21. Importantly, because weak reconfiguration produces the most negative Phys. Fluids 26, 105102 (2014) Vogel exponents, it also produces the strongest impact on skewness. All three regimes, including weak reconfiguration, are observed in the model seagrass meadow, and are likely present in natural canopies in which simple bending is observed, like seagrasses, stems, branches, maize, and wheat. Gosselin et al. 33 described a similar intermediate regime of bending for plates and disks. For strong reconfiguration, the Vogel exponent has been shown to be more negative for 2D bending (B = −4/3) than for 1D bending (B = −2/3) 29, 30 and, as our LES results show, the 2D regime results in the largest predictions of skewness. A wide range of broad leaves can fold into cones and experience 2D reconfiguration, and thus enter the −4/3 regime. 58 Many terrestrial canopies have a Vogel number between −2/3 and −4/3, 28, 30 suggesting that the classes of 1D and 2D reconfiguration identified by previous researchers for flexible strips, plates, and disks can be used to describe the reconfiguration of many plant canopies. However, a greater refinement of models may be needed for more complex plant geometries, and an exploration of the impact of canopy density on reconfiguration is also needed.
With the vertically integrated mean drag force held approximately constant, changing the mode of the reconfiguration (characterized by the Vogel number, B) has a strong impact on the mechanisms of momentum transport. The mean vertical momentum flux remains approximately the same, but the distribution, strength, and fractions of momentum carried by sweeps (u > 0, w < 0) and ejections (u < 0, w > 0) are altered significantly. Using a constant drag coefficient is capable of reproducing vertically integrated sink of momentum within the canopy layer, and consequently the first-and second-order turbulence statistics. However, accounting for the effect of reconfiguration is essential to reproduce the distribution of the momentum sink between weak (u < 0) and strong (u > 0) events. Therefore, higher order moments such as skewness, as well as the fractions of momentum transported by sweeps and ejections, are very sensitive to reconfiguration. These results confirm the inadequacy of describing the effects of canopy-scale coherent structures using just first-and secondorder turbulence statistics. The current understanding of canopy turbulence is based on relating the properties of coherent structures to the mean drag force exerted by the canopy (one example is the penetration depth studied by Ghisalberti and Nepf 14 ) . Perhaps, further advances will result from understanding the drag reduction by reconfiguration and its effects on instantaneous turbulence structure.
